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Supplementary On-Line Material for "Spitzer Spectral Observations of the Deep
Impact Ejecta" Spectral Modeling. (The observed Spitzer spectrum is composed of emission features due to gas and dust in the comet's extended atmosphere, or coma, illuminated by the Sun. The majority of the observed spectrum is due to solid state emission resonances from the coma dust; we discuss this first.
Two gaseous species, water and PAHs, were also detected. We discuss the contribution due to gas emission lines in a separate section below.)
The emission flux from a collection of cometary dust is given by where T the particle temperature for a particle of radius a at distance r * from the central Sun, ∆ is the range from Spitzer to the comet, B λ the blackbody radiance at wavelength λ, Q abs the emission efficiency of the particle due to its composition, dn/da the differential particle size distribution (PSD) of the emitted dust, and the sum is over all species of material in the dust (1) . The first problem encountered in treating the observations is isolating the signal due to Deep Impact. The material observed in the experiment consisted of the "ambient", or naturally emitted coma, plus the "ejecta", or material excavated from the interior of the comet at the impact site on the Tempel 1 nucleus. The ejecta spectrum was isolated by the simple method of subtracting the pre-impact spectrum from the post-impact spectrum. This method was found to be reasonable, as long term monitoring of the ejecta, or difference, spectrum showed a decay to zero over the first 100 hours after the impact. It is important to note that this method does not "remove the continuum" from the ejecta spectrum, but only separates the ejecta spectrum from the normal coma spectrum. It is also important to note that the problem of analysis of the spectrum was greatly simplified by the fact that all species were seen only in emission -the dust was self luminous in the thermal IR.
We are then left with a mid-IR ejecta spectrum that has structure due to the effects of dust particle temperature, composition, size, and porosity. Particle temperature influences the spectra by
emphasizing emission towards the peak of the blackbody function, and deemphasizing emission on the short wavelength side of the peak (i.e., "tilting" the spectrum towards long-wavelength end). In order to remove the gross effects of particle temperature on the data and instrument artifacts, we divided it by the featureless pre-impact continuum, scaled from the best-fit local LTE temperature of 235 K to the best-fit ejecta continuum temperature of 390K at I+45 min. (Note that in the detailed modeling, we treat each mineral species in precisely the same way, dividing the calculated flux contribution by a 390 K blackbody, so as to accurately compare the mineral species to the data. See The emissivity spectrum of a linear mix of different species (allowing for the particle size, temperature, and porosity effects described in detail below), compared to our spectrum, was the ultimate test of each model run. The modeling problem was focused by our use of low resolution (R = 80 -100) thermal IR spectroscopy; the features observed were too broad, except for contributions due to polyaromatic hydrocarbon molecules (PAHs), to be due to anything but solid state materials; and the features had to be in emission, because the ejecta was self-luminous and optically thin by I+45 minutes. The χ value for an acceptable model, was 1.13. For this work, we have chosen to work in "emissivity space"
where the gross effects of particle temperature are removed by dividing the spectra by the best fit greybody to the continuum. This allows us to concentrate on the spectral features in the data indicative of the chemical composition, but can introduce complications if not treated carefully (see discussion on temperature effects below).
Composition Effects.
Over 80 different species were tested for their presence in the ejecta.
Consultations with members of the STARDUST team, and examination of the interplanetary dust Whenever possible (~2/3 of the species tested), measured laboratory absorption and emission spectra of 1 µm powders was used for the comparison. Size effects were modeled using the radius and wavelength dependence of the relation
where n and k are the real and imaginary part of the index of refraction of the material at wavelength λ. In the small number of materials where direct spectra were unavailable, optical constants for the species were used instead, and the absorption spectra calculated using the full relation (10) . Future work will include models using direct measurements of these species made in the laboratory. We do not claim to have found the exact mineral species with our technique; rather, we claim to have found the important mineral classes present in the ejecta, and the gross atomic abundance ratios.
Ground-based spectra of the 8-13 µm region during the DI encounter were successfully fit by Harker et al. (12) with a 3-component model consisting of amorphous olivine, amorphous pyroxene, and Mgrich crystalline olivine (forsterite). This model had also been used previously to explain the mid-IR silicate emission from comet C/1995 O1 (Hale-Bopp) (13) . We attempted to use this same model for our spectrum, but the best fit yielded an unacceptable χ Particle Size Effects. The size of the ejected dust was not uniform, and had to be modeled using an adjustable size distribution, dn/da, defined as the number of observed ejecta particles between size a and size a+da. (As the actual property measured in the Spitzer spectra is the product of the particle surface area * dn/da, this is the function that was used and adjusted in the models.) In practice, this meant that independent values of dn/da were adopted at each value (0.1, 0. The sharp proportional increase in the number of small particles in the ejected dust is good evidence for de-aggregation of larger particles into the smaller component sub-particles, a process which would remove large particles from the ejecta and add small ones.
A check of the particle size distribution was made by summing the total mass seen in the PSD, and comparing the result to the amount of dust and gas mass estimated to have been ejected by other groups. From the normalization of the model spectrum to the observed flux, we derive the total mass of the observed dust grains and the minimum Dust/Gas ratio in the Spitzer 10" x 10" spectrometer beam as a function of the adopted maximum particle size (SOM Table 1 ). We find that the minimum range of particles that must be included to obtain a good spectral fit is 0.1 < a < 10.0 µm (maximum ejected particle mass 10 ng), which gives a minimum total ejected mass of 8 x 10 5 kg.
By comparison, Sugita et al. (21) , using 8 -20 µm photometric measurements in 4 passbands, found a best-fit power law PSD similar to our result, with slope dS/dloga = -1.5 to -1.6, but used a small particle cutoff at 1 µm. Their total released dust mass ranges from ~5 x10 5 to 7 x 10 7 kg, for a largest emitted particle size of 10 µm and 1m, respectively. Harker et al. (12) , using 8 -13 µm ground based spectroscopy from the Gemini North telescope with poorer sensitivity than the Spitzer measurements, estimated a released dust mass of 1 x 10 4 -1 x 10 6 kg, consistent with our findings (SOM Table 1 ).
Keller et al. (private communication) have argued for a minimum β value of 10 -3 in their ROSETTA imaging of the ejecta, implying a maximum particle size on the order of 500 µm, a maximum ejected particle mass of 1 mg, at least 7 x 10 6 kg of dust emitted, and a minimum D/G in the ejecta of 1.4 for a total mass of ejected gas equal to 5 x 10 6 kg, but this remains as unpublished work. The χ 2 ν value for a spectral model using 1 mg as the largest particle is 2% larger than the best fit result obtained with a 10 µm upper limit, An ejected particle mass on the order of a milligram is certainly reasonable,
given that the DI impactor hit at least four particles weighing a mg or more on its way in.
Particle Temperature Effects. If a dust particle is small or lacks emission bands in the thermal IR, then its color temperature rises above that of a blackbody in LTE because these factors restrict the ability of the particle to re-emit absorbed sunlight (1, 22) . For modeling the SST spectra, we allowed the temperature of the smallest 0.1 µm particles in the model to vary freely. It was found to be elevated for all species compared to LTE. This is due to the emissivity drop-off at IR wavelengths, restricting the ability of the smallest particles to dump the energy absorbed from sunlight at optical wavelengths as re-emitted heat radiation. At the other size extreme, the 1000 µm size of the largest particles was chosen to ensure that the dust was optically thick, and thus at the LTE temperature (or sub-LTE, in the case of water ice, due to sublimation). The temperature of the intermediate particles was then interpolated between these two extremes using energy balance of the incoming sunlight and the re-radiated thermal emission.
The emissivity model determined by the composition, particle size distribution, and temperature was then compared to the SST spectrum, after division by a 390K blackbody to match the treatment of the SST data. Best-fit temperatures with accuracies of +/-5K were found by optimizing the model fit to the emissivity data. We found that the smallest particles of amorphous carbon dust in the beam are very hot, about 420K; most silicates, the carbonates, and the sulfides are warm, at 340 K, similar to the continuum temperature found in the NASA/IRTF spectra taken on the night of impact (23); the pyroxene ferrosilite is cooler, 290 K, similar to the findings of Wooden et al. for comet Hale-Bopp's dust (13, 14) ; LTE is about 235K; and the ejected water ice, cooled by sublimation, is the coldest at 220 K, similar to the Deep Impact temperature estimates of Sunshine et al. (18) .
Porosity Effects. The effects of porosity on the emission of IR radiation from dust particles is subtle, Vacuum filled pore spaces in dust particles act to "mix in" the dielectric constant of free space with that of the surrounding dust solids. The net effect is to reduce the strength of the characteristic emission modes of the solid material. This effect is wavelength dependent, as the wavelength of the emitted IR radiation at 35 µm is large enough to average over the whole micro-structure of the dust particles seen in the T1 ejecta, while radiation at 5 µm will sense some of the particles as single units, and others as not.. For the modeling, our work was greatly simplified by the finding that the only porosity value that came close to fitting the observed ejecta spectrum was 0 -implying that we were observing mostly tiny, solid dust particles, with size 0.1 -5.0 µm. This is consistent with the scenario of the large, loose, porous aggregate dust particles having been disrupted by the ejecta event into their individual solid subunits. A preponderance of small, solid dust particles was also found for the copious dust emitted from comet C/1995 O1 (Hale-Bopp) (24).
Gas emission lines.
In general, single emission lines suffer from spectral dilution in the low resolution, large wavelength grasp Spitzer spectra. It is much more likely for broad emission features due to crystalline resonances to be detected. However, there are a few special cases -like the very broad water gas feature at 6 µm (similar to the broad 3 µm emission/absorption feature of water but less well known), and a dense P/Q/R branch system, like for PAHs -that may be detectable. The strength of a molecular feature will also depend strongly on the abundance of the species in the coma gas. Thus we have tested the Spitzer spectrum, using the JPL HITRAN line lists, for the presence of emission from the strongest features of the most abundant gaseous species in the coma -water gas, carbon dioxide gas (carbon monoxide gas does not have strong emissions in the 5 -35 µm range), and
PAHs. Once a line is detected, the number of gas molecules in the beam is calculated using the relation where F is the flux in the line, dλ is the width of the line, λ is the center wavelength of the band, g is the g-factor for the band, N mol is the number of molecules in the beam, ∆ is the Spitzer -comet distance, and r h is the comet-Sun distance.
For Tempel 1, we found evidence, at the 5-sigma level, of water gas emission from the ν 2 emission band at 6 µm. Removing the water gas changes the χ 2 ν value for the model from 1.05 to 1.22, so the detection, while significant at the 95% C.L. is not terribly strong. On the other hand, since water gas is clearly in the coma as the major molecular species liberated by the impact, and is emitting radiation, it is comforting that we find evidence for it in our modeling. The detection of 6 x 10 5 kg of water in the 10" x 10" Spitzer beam at I + 45 minutes is consistent with the work of other groups, notably the ROSETTA measurements reported by Keller et al. and Kuppers et al. (25) , and the Deep Impact results by Sunshine et al. (18) .
We can rule out the 6 µm peak as originating from water ice, as the emission at wavelengths shorter than the broad 10 -16 µm feature from water ice is damped by the low temperature of the solid ice, ~220 K, and a significant contribution at 6 µm would mean a huge contributed flux at 10-16 µm which is not seen. We can similarly rule out emission features due to water ice : CO 2 , CO, or CH 4
clathrates at nearby wavelengths.
The weakness of the water gas detection for what is a relatively strong gas emission feature from the majority coma gas species does suggest that it is probably very difficult to detect any other species using the low-resolution IRS data. E.g., we did not find any convincing evidence for carbon dioxide emission lines, including the strong fundamental at 14.97 µm (g-factor about ½ the magnitude as for , normalization of 5.8x10 5 kg total water gas, 7.8x10 5 kg total dust mass in beam.
Figure 1 SOM -Best Fit Dust
PSDs for the natural, ambient coma and DI-ejected dust. Left -Surface area size distribution, the quantity directly measured in the Spitzer observations. Right -inferred mass distribution. Sold lineambient coma (i.e. pre-impact dust emission). Symbols -ejected dust due to the impact. The absolute number size distribution predicts 1 particle of radius 7 cm in the beam; the ejected material was all very small, with about 10 22 0.1 um particles ejected.
